ABSTRACT-Background: Burn patients suffer muscle mass loss associated with hyperinflammation and hypercatabolism. The mitochondria are affected by this metabolic alteration. Mitochondrial fission activates a caspase cascade that ultimately leads to cell death. We postulate that burn-induced muscle loss is associated with increased mitochondrial fission and subsequent functional impairment. Further, we investigated whether the cytokine IL-6 plays a major role in mitochondrial fission-associated cell death after burn. Methods: Murine myoblast C2C12 cells were treated with 10% serum isolated either from control rats or 40% total body surface area burned rats. Mitochondria were labeled with MitoTracker Green for live cell images. Mitochondrial function was assessed with an Enzo Mito-ID membrane potential cytotoxicity kit. Protein signals were detected by Western blot analysis. Moreover, recombinant IL-6 was applied to stimulate C2C12 to differentiate the role of cytokine IL-6; lastly, we treated burn serum-stimulated cells with IL-6 antibodies. Results: Caspase 3 activity increased in C2C12 cells with burn serum stimulation, suggesting increased cell death in skeletal muscle after burn. Mitochondrial morphology shortened and mitochondrial membrane potential decreased in cells treated with burn serum. Western blot data showed that mitofusion-1 expression significantly decreased in burn serum-treated cells, supporting the morphologic observation of mitochondrial fission. Mitochondrial fragmentation increased with IL-6 stimulation, and IL-6 antibody decreased caspase 3 activity and mitochondrial membrane potential improved in burn serum-stimulated cells. Conclusion: Burn serum caused muscle cell death associated with increased mitochondrial fission and functional impairment. This alteration was alleviated with IL-6 antibody treatment, suggesting the cytokine plays a role in mitochondrial changes in muscle after systemic injury.
INTRODUCTION
Severe burn causes hyperinflammation and systemic increase of cytokines with other stress hormones inducing an extended hypermetabolic response (1) . In this event, hypercatabolism of the muscle persists with increased protein breakdown (2) . Muscle mass loss and muscle atrophy is correlated with the severity of the injury (3) . At the cellular level, muscle cell death overwhelms myogenic activation, leading to a disturbance in muscle tissue homeostasis. Over the long term, muscle atrophy or muscle cachexia worsen a burn patient's progress, interfere with muscle rehabilitation, and even increase overall mortality (4) .
Mitochondria are abundant in skeletal muscle, and mitochondrial function impairment has been observed after thermal injury (5, 6) . Cree et al. (7) reported that mitochondrial oxidative capacity decreased as much as 50% in pediatric patients with over 40% total body surface area (TBSA) burn. Mitochondrial functional impairment serves as a major mechanism activating the cell death pathway followed by oxidative stress (ROS) and a high level of intracellular calcium (8) . However, little is known mitochondrial dynamics in response to burn injury.
Mitochondrial function is highly correlated with its structure, and is maintained dynamically in response to external or internal stimulation (9) . Mitochondrial dynamics include mitochondrial fission and fusion cycle. A known group of proteins regulates mitochondrial morphological plasticity. The main fusion proteins are mitofusin 1 and 2 (Mfn1 and 2) and Opa1. As GTPase proteins, Mfn1 and Mfn2 fuse the outer mitochondrial membrane while Opa1 fuses the inner mitochondrial membrane. Dynamin-related protein (Drp1) is involved in regulating the mitochondrial fission process and its associated cell apoptosis regulators Bak and Bax (10) . Under starvation or other nutritionally adverse conditions, mitochondrial fusion occurs to maintain mitochondrial function (11) ; when a mitochondrion is damaged, the adaptive fission process is initiated to preserve the remaining mitochondria. During the fission step, cytochrome C is released from mitochondria, triggering the caspase cascade, which ultimately leads to cell death (12) .
Severe burn causes hyperinflammation and has been observed in both animal and human studies. In human studies, patients with over 40% TBSA burn express high levels of IL-6 (13) . In a previous burn animal study, an increased cytokine profile, which included IL-1b and IL-6, was observed in rat serum (14) . IL-6 is a major pro-inflammatory cytokine identified in burn patients (15) . Also IL-6 contributes to cardiac inflammation and dysfunction (16) . The role of IL-6 in muscle wasting and cachexia is reported in cancer (17) , which could be due to mitochondrial remodeling. White et al. reported that IL-6 increased oxidative stress and fission protein FIS1 in vitro, and the reduction of fusion protein expression and mitochondrial content was alleviated in Apc Min/þ cachexic mice with IL-6 receptor antibody treatment (18) . In the current study, we hypothesized that IL-6 has a key role in regulating muscle cell death through mitochondrial fission related to muscle cachexia after burn. The aims of this study were to investigate the role of mitochondrial dynamics in burn serum-stimulated muscle cells; second, to investigate the specific role of IL-6 in the regulation of mitochondrial-mediated cell death after burn. 
MATERIALS AND METHODS

Burn rat serum collection
Adult male Sprague Dawley rats (276-300 g; Charles River Laboratories, Wilmington, Mass) received a 40% TBSA scald burn. The burn procedure was approved by the University of Texas Southwestern institutional animal care and use committee, as previously described (19) . Animals were euthanized at 6 h (n ¼ 3) and 48 h (n ¼ 3) after burn. Whole blood was collected via cardiac puncture and placed in a serum separation tube (BD, Franklin Lakes, NJ). The serum was separated at 2,500 rpm centrifugation for 30 min at 4 o C and aliquots were stored at À80 o C. Serum was also collected from 3 non-burn normal rats to serve as a control.
Rat serum stimulation
Cell culture media was replaced with DMEM media containing either 10% normal rat serum or 10% burn rat serum for C2C12 cells.
IL-6 stimulation
C2C12 cells were replaced with fresh DMEM media with 10% FBS. Recombinant rat IL-6 protein (R&D System, Minneapolis, Minn) was added into culture media for final concentration from 0.01, 0.1, 1, 10, and 100 ng/mL.
IL-6 antibody treatment
C2C12 cells were incubated with DMEM containing: 10% normal rat serum, 10% burn rat serum, or 10% burn rat serum with 0.5 mg/mL of rat IL-6 antibody (R&D System). Western blot analysis C2C12 cells were lysed with M-PER mammalian lysis buffer with a protease inhibitor cocktail (Thermo Fisher Scientific, Waltham, Mass). The cell lysate was vortexed and incubated on ice for 30 min. Supernatant of the lysate was isolated for 15 min at 15,000 rpm 48C centrifugation. Twenty micrograms of lysate was subsequently analyzed by SDS-PAGE and Western blot following the published procedure (21) . Band intensities were quantified with the GeneSnap/ GeneTools software (Syngene, Frederick, Md). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was utilized as a loading control. All antibodies, including Mfn1 and 2, and Drp1, were purchased from Cell Signaling Technology (Danvers, Mass). SuperSignal West Pico Chemiluminescent Substrate was purchased from Thermo Fisher Scientific.
Fluorescent image of live cells
Caspase-3 activity measurement
Twenty micrograms of cell lysate was measured for caspase 3 activity using EnzChek Caspase-3 Assay Kit #2 (Thermo Fisher).
MTT cell proliferation assay
Cell proliferation in burn serum-stimulated C2C12 cells was detected by an MTT cell proliferation assay kit from ATCC. The measurement procedure was followed per the manufacturer's protocol.
Mitochondrial function assessment
Mitochondrial function was estimated with mitochondrial potential membrane integrity. The measurement procedure was followed per the manual instruction of the Mito-ID Membrane potential cytotoxicity kit (Enzo Life Sciences, Farmingdale, NY).
Statistical analysis
Results are presented as means AE standard error of the mean (SEM). The data were analyzed using paired Student t tests, and one-way ANOVA where appropriate. Differences were considered significant at P < 0.05. 
RESULTS
C2C12 cells with burn serum stimulation
C2C12 myoblasts were stimulated with 10% rat serum collected at 6 h after burn. No change of caspase 3 activity was found in cells treated with 10% FBS or 10% rat normal serum. Caspase 3 activity was significantly increased in C2C12 cells with burn rat serum for 24 h compared with normal rat serum-treated cells (P < 0.05). MTT assay showed no change in cell proliferation observed among three groups (Fig. 1) .
3D cell images demonstrated mitochondrial morphologic changes in burn serum-stimulated C2C12 cells at 48 h after stimulation. Fluorescent staining displayed mitochondria with rod shapes in cells treated with 10% normal rat serum, while becoming brighter and circular shaped in cells treated with 10% burn rat serum. Statistical results showed that the mitochondrial elongation index significantly decreased, with an increased intensity signal (P < 0.05), indicating that mitochondrial fragmentation increased in response to burn serum stimulation ( Fig. 2A) .
Western blot data showed that the absorbance ratio of Mfn1 normalized to GAPDH significantly decreased in cells with burn serum stimulation. Mitochondrial fusion protein Mfn1 decreased further supporting mitochondrial fragmentation in response to burn serum stimulation (Fig. 2B) .
Data from the mitochondrial membrane potential (MMP) assay showed that membrane potential decreased in response to burn serum stimulation. Carbonyl cyanide m-chlorophenyl hydrazone (CCCP) is a chemical inhibitor of oxidative phosphorylation which served as a positive control to decrease mitochondrial membrane potential. Adding 3 mM of CCCP into C2C12 cells, fluorescent intensity (RFU) decreased about 23%. We found a significant 20% decrease of RFU in cells with Copyright © 2017 by the Shock Society. Unauthorized reproduction of this article is prohibited.
burn rat serum stimulation compared with normal serum stimulation (P < 0.05; Fig. 2C ).
Comparing the effects of rat serum collected at 6 and 48 h after burn, we found a less intense signal and higher elongation index in C2C12 cells with 48-h burn serum stimulation versus 6-h burn serum stimulation, indicating less mitochondrial fragmentation in cells with 48-h burn serum stimulation. We further found MMP level significantly increased in cells with 48-h burn serum (Fig. 3) .
IL-6 in regulating mitochondrial dynamics in C2C12 cells
C2C12 cells were treated with increasing doses of rat recombinant IL-6 protein (r-IL-6) from 0, 0.01, 0.1, 10, and 100 ng/mL. We found significantly increased intensity signals and an increased elongation index in all IL-6-stimulated cells at 48 h (P < 0.05). Treatment with 0.01 ng/mL of r-IL6 showed a four-fold significant increase of mitochondrial volume in C2C12 cells (P < 0.05; Fig. 4) .
Last, rat IL-6 antibody significantly decreased caspase 3 activity in burn serum-treated cells at 48 h (P < 0.05). In cells cultured with 10% burn rat serum (collected 6 h after burn), 0.5 mg/mL of IL-6 antibody treatment reversed mitochondrial fragmentation, demonstrated by the recovered elongation index and decreased mitochondrial intensity (P < 0.05; Fig. 5) .
DISCUSSION
In the current study, we labeled C2C12 myoblasts with mitochondrial fluorescent dye and took live cell images by confocal laser microscopy to observe mitochondrial morphology in response to burn serum stimulation. This study revealed mitochondrial fragmentation with functional impairment in muscle cells following burn serum stimulation, and increased mitochondrial fragmentation activated a caspase cascade leading to cell death. Furthermore, IL-6 caused mitochondrial fragmentation in C2C12 cells, while neutralizing IL-6 in burn rat serum reduced the caspase 3 activity, demonstrated by decreased mitochondrial fragmentation in murine myoblasts. This suggests the role of IL-6 in regulating cell death through adjusting mitochondrial dynamics.
In the study, we endeavored to quantify mitochondrial morphology with parameters including elongation index, intensity, and mitochondrial volume. In estimating the three parameters, we found that mitochondrial fragmentation increased in burn serum-stimulated muscle cells. The mitochondrial elongation index is determined by a Ferret-specific formula from Nikon. The higher the elongation index, the more rod-like the object. Normal mitochondria have a rod-like structure, and a decrease in elongation would suggest a loss of this structure (22) . The decrease of the elongation index suggests a loss of normal   FIG. 3 . Comparison of mitochondrial response to rat serum collected at 6 and 48 h after burn. A, MitoTrack Green-labeled cell mitochondrial morphology changes in response to burn serum for 48-h treatment. The top image is with normal rat serum stimulation, the middle is 6-h burn serum (6HPB) and the bottom is 48-h burn (48HPB) serum stimulation. B, Statistical figure of mitochondrial morphology quantification. C, MMP level in cells stimulated with rat serum collected from 6 and 48 h after burn. Rat serum were from nine rats in total and three animals in each group. An asterisk ( * ) indicates P < 0.05, paired t test, versus Norm group.
mitochondrial morphology in cells with the post 6-h burn serum stimulation.
In response to burn serum stimulation, mitochondrial volume increased, which is either due to increased mitochondrial fragmentation, mitochondrial swelling, or both. The morphologic change of mitochondrial swelling was reported in burn rats' liver by electronic microscopic images (23) , and also displayed indirectly in isolated fresh mitochondria from animal heart tissue at 6 and 24 h (24). Swelling of mitochondrial cristae promotes ROS production and even leads to cell apoptosis (25) . In the current study, we speculated that both mitochondrial fission and swelling occurred associated with increased cell death in muscle cells.
De Vos et al. (26) pointed out that mitochondrial-shape changes are caused by both Drp-1-dependent fission and swelling. Drp1 is the mitochondrial fission protein that regulates cell death by releasing cytochrome C (27) . In the current study, we found that the expression of mitochondrial fusion protein Mfn1 was decreased in myoblasts stimulated with burn serum. Santel et al. (28) revealed that the completion of the Mfn1 GTPase cycle is required for mitochondrial network formation. Though Drp 1 was recognized to mediate mitochondrial fission leading to cell apoptosis (29) , the ablation of Mfn1 with its homologue Mfn2 leads to mitochondrial fragmentation with apoptotic death (30) . The current study further supports the role of Mfn1 in regulating mitochondrial fission related to cell death.
Cytokine IL-6 has a broad biological response presented in both pro-and anti-inflammatory properties (31) . IL-6 directly interferes with lipolysis and mitochondrial dysfunction in vitro (32) . Our question is whether IL-6 is the major contributor to morphologic changes in burn-stimulated muscle cells. In this study, we treated mouse myoblasts with rat recombinant IL-6 protein to induce the similar mitochondrial fragmentation with decreased MMP in myoblasts. Furthermore, we attempted to ablate the effect of burn serum stimulation through co-incubation with an antibody against rat IL-6. The ablation of IL-6 was able to preserve mitochondrial morphology and decreased caspase 3 activity levels. These data indicate the importance of IL-6 in regulating mitochondrial-dependent muscle cell death.
In addition, a previous study showed inflammatory cytokines are overexpressed in rats with 60% TBSA burn. IL-6 levels were raised for 3 h and reached a spike at 6 h, and then gradually dropped with a higher level remaining compared with normal rats (14) . The elevated IL-6 level in 6-h burn serum relative to the 48-h burn serum may explain the difference of mitochondrial elongation in burn serum-stimulated cells between the two experiments.
Though we observed IL-6 disturbing mitochondrial homeostasis in burn serum-stimulated myoblasts, we agree other cytokines such as TNF might play important roles as well. We previously observed that TNF plays a role in insufficient myogenic activation, contributing to muscle mass loss after burn (33) . A recent study from Ueki's report showed elevated fibrinogen levels in plasma-related muscle wasting in burn mice. They confirmed that fibrinogen increased cytokine TNF and chemokine MCP-1 to further damage mitochondria in myotubes (34) . Without mentioning the effect of IL-6, the authors conveyed the complexity of cytokine in triggering mitochondrial disturbances and its effect on muscle homeostasis after burn.
Without testing in our study, we also noticed the potential effect of one culture media condition in mitochondrial plasticity. The cell culture in DMEM has a high glucose level (4.5 g/L d-glucose). Down-regulated Mfn1 with increased mitochondrial fission was reported recently in vitro with high glucose-induced kidney cell death with decreased autophagy (35) . The possible pathway involved an miRNA 140-negative interaction with Mfn1 in cardiomyocyte apoptosis (36) . Our previously published study showed that miR-140-3p related to mitochondrial dynamics regulation increased 1.17 fold in plantaris muscle from 40% TBSA burn rats 14 days later (37) .
Burn trauma patients with muscle cachexia are associated with a poor prognosis. The current treatments such as growth hormone and insulin in burn patients showed benefits based on mitochondrial function improvement (38, 39) . In a human study, growth hormone infusion for 14 h (150 ug/h) increased the muscle mitochondrial ATP production rate and citrate synthase activity in healthy subjects (40) . Insulin has been shown to increase mitochondrial fusion in myocardiocytes (41) . The fact that those anabolic agents improve muscle cachexia seen in postburn trauma patients suggests that metabolic control postburn may be an effective treatment route.
The current mitochondrial dynamics study might illuminate a new pathway to perhaps slow down the rate of catabolism and allow for patients to have a better prognosis. More precise treatments for specifically targeting mitochondrial protection may be one avenue to improve patient outcomes. Along these lines, mitochondrial-targeted vitamin E was previously shown to exhibit a protective effect on myocardiocyte damage in septic rats through mitochondrial function maintenance (42) . In conclusion, we found that burn serum disrupted mitochondrial structure and function, increased mitochondrial fragmentation, and increased cell apoptosis. Mfn1 plays a role in negatively regulating mitochondrial fragmentation. IL-6 increased mitochondrial fragmentation with function impairment in muscle cells. IL-6 antibody diminished burn serum-induced mitochondrial fragmentation and reduced cell death in myoblasts.
